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Introduction 

Carbon nanotubes (CNTs) possess a number of intrinsic properties that 
make them promising candidates as filler material in the design of new 
composite systems. CNTs can have electrical conductivities1 as high as 106 
Sm-1, thermal conductivities2 as high as 3000 Wm-1K-1, elastic moduli3 on the 
order of 1 TPa, and are extremely flexible.4 Unfortunately, the realization of 
these properties in macroscopic forms, such as conductive polymer/CNT 
composites, has been limited.5-17 In these composites, CNTs are typically 
dispersed throughout the polymeric matrix by addition of the individual 
nanotubes or bundles to precursor formulations.16-24 Since the loading levels 
and distribution of the CNTs in the polymer determine the conductivity of the 
composite, one of the challenges associated with the fabrication of conductive 
polymer composites is attaining uniform dispersion of the CNTs within the 
matrix. In addition, dispersion methods can vary greatly depending on the 
characteristics of matrix material.16-25 While measurable increases in electrical 
conductivity can be achieved through addition of as little as 0.007 wt% CNTs 
to polymer matrices,5 preparation of composites with conductivities >1 S cm-1 
requires either higher loadings of CNTs (>10 wt%)7-13 or specially-designed 
CNTs that facilitate dispersion in the matrix.25 Thus, the fabrication of CNT-
polymer composites with conductivities on par with highly conductive 
semiconductors and metals for applications such as electromagnetic 
interference shielding can be an expensive endeavor.26 An attractive 
alternative to the dispersion approach for the design of conductive polymer 
composites would be the use of a low-density, electrically conductive CNT 
foam as a scaffold that can be filled or infiltrated with the polymer matrix.27 
With this approach, the uniformity of the dispersed phase, and hence the 
conductivity of the composite, is established by the pre-formed CNT network 
of the scaffold. In addition, this approach could be general and utilized with a 
wide variety of polymer matrices.   

We recently reported the synthesis of ultralow-density SWNT-based foams 
(SWNT-CA) with exceptional electrical and mechanical properties.28 In these 
foams, carbon nanoparticles were used as a binder to crosslink randomly 
oriented bundles of single-walled CNTs. These SWNT-CAs simultaneously 
exhibited increased stiffness and high electrical conductivity even at densities 
approaching 10 mg cm-3. Therefore, in addition to use as catalyst supports, 
sensors, and electrodes, these ultra-light and robust foams can serve as 
scaffolds for the preparation of novel CNT composites.  As the conductive 
network is already established, the CNT foam can simply be impregnated 
through the wicking process29 with the matrix of choice, ranging from 
inorganic sols to polymer melts to ceramic pastes, to prepare a variety of 
conductive CNT composites. In this communication, we use SWNT-CA foam 
scaffolds for the synthesis of a highly conductive poly(dimethylsiloxane) 
(PDMS) composite. This polymer composite exhibits ~300% increase in the 
elastic modulus relative to the unloaded PDMS elastomer and electrical 
conductivity over 1 Scm-1, the highest conductivity reported for a 
polymer/SWNT composite at this CNT loading level (1.2 wt% or 1 vol%).9,10  
 
Experimental 

The SWNT-CA nanofoams, with a SWNT loading of 55 wt% (1 vol%) and 
a monolith density of 28 mg/cc, were prepared as previously reported.28  
Briefly, purified SWNTs were suspended in deionized water and thoroughly 
dispersed via sonication. Once the SWNTs were dispersed, organic sol-gel 
chemistry was used crosslink the CNT bundles. Typically, organic sol-gel 
chemistry involves the polymerization of organic precursors to produce highly 
crosslinked organic gels that can be dried and pyrolyzed to yield porous 
carbon structures.30 In this case, low concentrations of the sol-gel precursors 
(resorcinol, formaldehyde) and catalyst (sodium carbonate) were added to the 
CNT suspension to induce polymerization primarily on the walls of the CNT 
bundles and, more importantly, at the junctions between adjacent bundles to 
form an organic binder. The resulting gel was then dried and subsequently 

pyrolyzed to convert the organic binder to carbon, yielding the SWNT-CA 
nanofoam. The volume percent of SWNTs in each sample was calculated 
from the initial mass of SWNTs added, a CNT density of 1.3 g/cm3, and the 
final volume of the sample. The synthesis process for the SWNT-CA allows 
for a range of possible shapes and sizes. In this report, SWNT-CA right 
cylinders with diameters of ~1 cm and heights of ~ 2 cm were fabricated. 
Composites were prepared by immersing the as-prepared SWNT-CA in the 
polymer resin prior to cure.  Dow Corning Sylgard 184 was used in this work.  
The immersed SWNT-CA was placed under vacuum until no more air 
escaped from the scaffold, suggesting full infiltration of the resin. The 
infiltrated SWNT-CA was then cured at 60°C to produce the composite. The 
dimensions of the composite were approximately equal to those of the initial 
SWNT-CA. 
 
Results and Discussion 

Scanning electron microscopy (SEM) images of PDMS/SWNT-CA 
composites show that the SWNTs are homogenously distributed throughout 
the polymer matrix, suggesting that there is good wetting at the 
PDMS/SWNT-CA interface and that the CNT-based scaffold is intact after 
infiltration and curing (Figure 1). This observation is supported by the fact 
that the electrical conductivity of the SWNT-CA scaffold is maintained even 
in a fully dense insulating matrix (Table 1). To our knowledge, the 
conductivity of these polymer composites (1 S cm-1) represents the highest 
conductivity reported for a polymer/SWNT composite prepared at such a low 
CNT loading level (1.2 wt% or 1 vol%).9,10 Interestingly, the electrical 
conductivity of this composite is on par with the highest reported value for a 
polymer/MWNT at a similar ~1 wt% MWNT loading.25 As SWNTs typically 
contain some fraction of semiconducting tubes, as compared to MWNTs, 
which presumably are all metallic, one might expect a higher conductivity in 
the MWNT composite with similar CNT loadings. This observation highlights 
the need for further study in this area and suggests that even larger 
improvements in the conductivity of polymer composites are possible.   

 
 

Table I.  Physical properties of the SWNT-CA scaffold, PDMS polymer and 
conductive polymer composite. 

 
 
Nanoindentation measurements show that the PDMS/SWNT-CA 

experiences very elastic behavior with an ~300% increase in Young’s 
modulus as compared to the case of PDMS (Figure 2). The observed 
enhancement in modulus is consistent with the increase expected based on the 
Halpin-Tsai model for a nanotube bundle aspect ratio of ~100.31 Similar 
increase in modulus was observed by Dyke et al for a PDMS/SWNT 
composite prepared with 1 wt% loading of surface-functionalized SWNT.20 

Material CNT 
vol%(wt%) 

Density 
g/cm3 

E 
MPa 

σ 
S/cm 

SWNT-CA 1 (55) 0.028 1.0 1.12 

PDMS 0 (0) 1.04 4.2 <0.001 

PDMS/SWNT-CA 1 (1.3) 1.01 14 1.00 

Figure 1. SEM images (under different magnifications) of conductive 
PDMS/SWNT-CA composites.  



The improved modulus is also consistent with the observation of a polymer 
shell that coats the CNT bundles in the SEM images. (Figure 1)  The presence 
of the polymer shell suggests strong bonding at the PDMS/SWNT-CA 
interface, a key element in successful reinforcement.32 These results highlight 
the effectiveness of using a pre-made CNT scaffold for structural 
reinforcement.  
 

 

 
 
Conclusions 

In summary, SWNT-CAs have been used as scaffolds to fabricate stiff, 
highly conductive polymer (PDMS) composites via the infiltration method 
with little to no degradation of the conductive network of the CNT-based 
scaffold. Conductivities as high as 1 Scm-1 have been observed for SWNT 
loadings as low as 1 vol% (1.2 wt%) in polymer/SWNT-CA composites. In 
addition to excellent electrical conductivity, the polymer composite exhibited 
an ~300% increase in Young’s modulus, producing not only a highly 
conductive, but a stiffer composite as well.  The exceptional properties of this 
polymer composite and the general nature of the fabrication method provide 
the potential for a whole new class of composites based on the SWNT-CA 
scaffold.  
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Figure 2. Partial load-displacement curves for PDMS with and without 
CNT-based scaffold. The inset shows depth profiles of the indentation 
modulus. 


